Cycle Inventory (LCI) and Geographical Information System (GIS) tools to estimate the Net Energy Gain (NEG) and Energy Return on Energy Invested (EROEI) for different biomass/ bioenergy production activities in rural areas. The focus was on those activities that are least damaging or even socially, environmentally or economically beneficial. We considered bioenergy production from crop residues, manure, and grass in natural grasslands and surplus pasturelands. The feasibility and vulnerability of different sources was assessed within the context of existing policy constraints, and the potential contribution to the EU's bioenergy targets was evaluated. Taking the Overijssel province in the Netherlands as a case study, we showed that 66.01 PJ can be contributed from by-products, with an additional 3.34 TJ coming from more conventional pasturelands. The NEG from biogas can potentially take care of Overijssel's entire renewable energy target for the year 2030. When producing bioenergy from by-products, the EROEI is quite high (7e17), indicating that there is a big potential for by-products to provide energy without compromising the ecological or agricultural functions of the landscapes. However there are still many changes in the practices, technologies and policies associated with bioenergy production that have to be made to harvest this potential energy resource. ª
Introduction
The search for renewable energy sources has become more intense, because global fossil fuel reserves are depleted while climate change puts additional restrictions on using even what is still left [1, 2] . The reduction of global fossil fuel consumption and the adoption of cleaner renewable energies as a way of slowing down global warming rates are receiving great attention amongst policy makers and stakeholders globally [3] .
Under the Kyoto Protocol obligation, the EU pledged a minimum target of 20% of total energy consumption to be provided from renewable sources and 10% of total transport fuel mix to be covered from renewable sources by the year 2020 [4] . Netherlands national share of energy from renewable sources was only 2.4% in 2005 and 4% in 2010. Based on this development, the Netherlands Government has set a new minimum target of 14% (2.1 EJ) by the year 2020; 54.5% of which is expected to be from biomass sources (0.30 EJ) [5] , but analyses of where and how this energy is going to be produced are quite scarce [6, 7] .
Conventional biomass production for bioenergy is often associated with the availability of land for cultivation of bioenergy crops [8] . 19 million hectares of surplus pasturelands can be economically available and freed up for bioenergy production within Europe (Ukraine inclusive) by the year 2030, but this land is unevenly distributed [6] . Some EU countries like the Netherlands are highly urbanized with welldeveloped infrastructures and services that can support massive bioenergy production. However, the intensive use of its limited land resources makes meeting local biomass demand for bioenergy production difficult [9] . Using available arable land for the production of bioenergy crops can affect the local food production chain [10] . Increasing agricultural land use at the expense of reserved or conserved land will impact environmental quality, biodiversity and other socioecological considerations [11] . Consequently, the bioenergy potential of biomass sources other than cultivation of excess or conserved land becomes especially attractive. Examples of these potential flows include animal waste, domestic and industrial human waste, urban lands (roadside vegetation, rooftop crops etc.), algae etc.
Of great importance for bioenergy production is its sustainability. This can be evaluated in terms of multiple policy constraints such as food security, nature conservation needs, water footprint, socio-economic needs and the well-being of the local people involved [10e14] . Any biomass production activity considered as sustainable must not compete with any food production, distribution or use chains e.g. the use of land devoted to food production for bioenergy production should be prohibited. Biomass production activity for bioenergy production must not be in conflict with any nature conservation and social land use functions e.g. soil and water conservation, ecosystem and habitat preservation, plant and animal biodiversity, means of income and livelihood, land ownership and housing rights, rights to space for recreation etc. [6, 10, 14, 15] . At the same time, we need to make sure that the production is energy efficient, meaning that we are not using more energy in the production chain than what we are gaining as output.
Assessment of the bioenergy potential
Previous bioenergy potential assessments often consider how much land is available, the potential biomass yield, the potential energy output and the money to be invested and gained as measures of bioenergy potentials [9,16e20] . Available land as a measure of bioenergy potential only considers land related factors; e.g. the area that can be sustainably used for biomass/bioenergy production, the most suitable bioenergy crop under prevailing local conditions e.g. climate, soil and socio-economic factors etc. [19] . Assessing bioenergy potentials in terms of biomass yield per hectare is only applicable to biomass that grows on land and is therefore quantifiable by area (hectares) of land. Other biomass sources are quantified differently because they are point sources and not products of direct biomass growth on land. Examples include products of human activities such as farm manure, refuse, garden wastes, industrial wastes etc. [18] . The use of available land, the potential biomass yield per hectare and the potential energy output also does not account for energy invested to obtain the energy output. Besides, measuring the bioenergy potential in monetary terms is inaccurate because prices fluctuate and are susceptible to lots of political and market mechanisms such as subsidies or taxes [9, 16, 20] . Assessing bioenergy potentials using energy-based indices integrates spatially distributed, land-grown and point biomass sources, potential energy outputs, energy investments into obtaining the output, and the energy gained from various biomass/bioenergy production activities. We focused on two of such energy-based indices as measures of bioenergy potential. They are the Net Energy Gain (NEG) and the Energy Return on Energy Invested (EROEI) indices. NEG is the gained difference in energy between energy invested into a biomass/bioenergy production activity and the energy output returned after production [21] .
Net Energy Gain ðNEGÞ ¼ energy output À energy input Net Energy Gain becomes a loss when it is less than 0. EROEI (energy efficiency) is the ratio of the energy output (expected return) obtained from a particular biomass/bioenergy production activity to the energy input (investment) required to get that energy [22] .
EROEI ¼ expected energy output=required energy investment NEG estimates the amount of energy that will be gained from the biomass/bioenergy production [21] . EROEI is a measure of efficiency, and as such indirectly estimates the ability of the energy production activities to be sustainable. Energy production with an EROEI value greater than 3 is considered capable of supporting continuous socio-economic function while those below 3 are not [22] . This is because at low efficiencies other externalities that are hard to quantify in purely energy terms (such land degradation, water pollution, biodiversity impacts, etc.) become more pronounced and make the sustainability of the production system questionable. In line with ex-ante land use impact assessment trends aimed at ensuring sustainability, an assessment of rural bioenergy potential will be incomplete without assessing its impact across the three sustainability dimensions (environment, society and economy) with a view to achieve considerable balance through stakeholder engagement [23, 24] .
Methodology
This study seeks to develop a balanced approach for assessment of bioenergy potential using the NEG-EROEI metrics. We did this by selecting a suitable case study area, biomass options and technology; computing the energy inputs and outputs using a combination of LCI analysis and GIS operations; calculating and comparing the NEG and EROEI of different rural biomass sources; and holding consultations with relevant stakeholders with a view to assess the environmental, socio-economic, technological and policy impacts associated with exploiting bioenergy potentials in rural areas. This is illustrated in Fig. 1 .
3.1.
Case study area selection: Overijssel province
This study focused on the Dutch province of Overijssel (Fig. 2 ).
Overijssel has a mix of land cover quite close to that of the whole Netherlands (build-up e 10% in Overijssel vs. 14% in NL, agriculture e 79.8% vs. 74.3%, and forest e 10.2% vs. 12.1%) [25] . This allows us to extrapolate some of our results and conclusions over the whole of the Netherlands. 
Selection of biomass/bioenergy production activities in rural areas
The biomass/bioenergy production activities examined by this study are limited to four options in the rural areas namely: growing feedstock; utilizing crop residues; collecting farm manure and using grasses from natural grasslands. These sources where considered at least benign and even beneficial in terms of sustainability concerns such as food security, nature conservation and socio-economic functions.
A brief analysis of these options with respect to the different sustainability concerns is given in Table 1 .
Crop residues, farm manure and left over grass decompose, potentially creating nuisance to people (odours), and releasing innate CO 2 back to the atmosphere [39] . However, if they are used as biomass for bioenergy production, the carbon in the waste can be captured and converted into usable and carbon-neutral energy [17, 30] . As a result, instead of spending additional energy and resources to treat the waste; farmers and grassland managers gain access to potential extra income and employment opportunities [10] .
Selection of technology
There are different technologies available for conversion of biomass into energy; but we focused on wet anaerobic codigestion because of the proximity to and contiguity of the Table 1 e Brief analysis of biomass/bioenergy production options in rural areas.
Biomass/bioenergy production options Evaluation (benignity and benefits) in terms of relevant sustainability constraints (food security, nature conservation, socio-economic functions)
Growing feedstock e.g. alfalfa on surplus pasturelands
Occasioned by advent of high-performance diets and consequent reduction in importance of grass as animal feed [8, 15] ; not in conflict with present and future fodder needs (meets future forage needs) [6] ; maintains soil structure and nitrogen nutrient status [14] ; extra source of income and employment for farmers; does not trample with ownership rights of local people. However, changing agricultural demands and policies makes sustainability in the long run doubtful. Also the sustainability of high-performance diets is dubious [8] .
Three possible harvest schemes on pasturelands in the Netherlands: early harvest scheme (grass is harvested when less than 12 cm in height), results in lower yield per harvest (2 t ha À1 )
but allows for more regrowth and harvest opportunities (3 harvest annually); late harvest scheme-(grass is harvested when more than 25 cm in height), results in higher yield (5 t ha À1 ) but less opportunity for fast regrowth and therefore less number of harvests (just 1 harvest annually); intermediate harvest scheme-(grass is harvested when between 15 and 20 cm in height), results in relatively high yield (up to 4 t ha À1 ) and allows for one more regrowth and harvest opportunity (2 harvest annually) [28] . Utilizing crop residues (straw)
Residues from high residue yielding commercial (annual) crops is often burnt off, composted or left to oxidize or decompose; can be recaptured by little modification of existing production chain, use of appropriate technology, creation of incentives and efficient collection methods [29] . Excess available within EU after use as compost for nutrient replacement, substrate for mushroom production, animal beddings, insulating materials for building and to a lesser extent in paper and pulp industries (e.g. for maize and rapeseed e 50%; for wheat, oat, barley and tritacle e 40%) [30] . Does not compete with food production, distribution and use chains. Digestates from bioenergy production can be used to replenish nutrients in soils hereby making composting irrelevant. Collecting farm manure EU Nitrates Policy and EU Water Framework Directive prohibits direct and unrestricted use of farm manure for soil conservation and food production (to prevent over enrichment of soils, nearby surface and ground water) [31] . Manure is expected to be refined, recovered and applied to farmlands in required quantities after mineral accounting had been done and nutrient deficiency identified. This policy favours the use of farm manure for bioenergy production because resulting digestate can be used as fertilizer; digestate is easier to handle than raw manure, it protects the environment from the risk of over-enrichment and consequent eutrophication; offers a sustainable pathway for handling farm odours and air pollution; reduces or totally eliminates energy and economic costs of fertilizer production; makes possible the export, redistribution and recycling of excess farm manure [32] . Of special interest is dairy and beef cattle, chicken and pig because of their high population, high manure yield (dairy and beef cattle) and high energy yield (pigs and chicken) [33e35]. Using grasses from natural grasslands Natural grassland management policy of the Netherlands requires that grasslands be mown two or three times annually for nature conservation purposes (reduction of nutrients in the ecosystem and restoration of ecological diversity) [36, 37] . About 50% of silage grass from natural grasslands is usually used to supplement the grass in the feed-mix; however 50% of that can be made available for bioenergy production [38] . Natural grasslands are not commercially owned and therefore do not affect the rights, employment status and sources of income of the local people. The three possible harvest schemes on pasturelands in the Netherlands were also assumed for natural grasslands [28] .
b i o m a s s a n d b i o e n e r g y x x x ( 2 0 1 3 ) 1 e1 5 different biomass sources, and the convenience of processing them together, e.g. grass, manure, straw etc. [40] . This technology spends no energy on drying of biomass, produces higher biogas yield and better mixed digestate (with more balanced NPK ratio) than in case of mono-digestion; it can be situated centrally around agricultural or industrial or domestic biomass sources or on farm sites (farm-scale) [32, 41] . The products of wet anaerobic co-digestion of grass, manure and crop residue (straw) are biogas and digestate (by-products) [42] . Biogas can be used for producing transport fuels and in fuel cells, generating heat in boilers, producing heat and electricity together via Combined Heat and Power (CHP) technology. Digestates can be used as replacements for fertilizers or for mineral recovery, e.g. phosphate from pig manure [32, 42] . This immediately brings us to prioritizing production from by-products and waste materials. Still a careful analysis of energy inputs and outputs, as well as the uncertainties associated with the production chain is required.
Life Cycle Inventory (LCI)
An LCI for a biomass source involves a listing of all the elements of biomass and energy production in terms of energy input and the potential energy output obtainable from various sources [43] . While estimating the energy inputs and outputs of the various biomass sources, an LCI for a biomass source also takes into consideration the various biomass/bioenergy conversion models and coefficients involved in the estimation. The LCI was done by drawing instances from literature [40,44e49] . However, some biomass/bioenergy conversion models and coefficients were not explicitly found. In such cases we made assumptions based on similar processes or production chains. The biomass source-specific inputs are presented in Table 2 . On arrival at the digester, all biomass types require energy for oxidation process and energy for biogas plant operations [50] . Also, all through the production chain throughout the year, energy for human labour is also needed. Expected energy outputs on the other hand include [33e35,41,46,48,51]:
1. Energy from biogas 2. Energy from digestate-fibre (N-nitrogen, P-phosphorus, K-potassium)
Energy from digestate-liquor (N-nitrogen, P-phosphorus, Kpotassium)
Energy inputs in form of fuel (diesel and/or gasoline) used by tractors, trucks and farm machinery for field operations, or in form of natural gas (LPG) or electricity consumed for postfield operations, pre-treatment and processing were all converted into the SI unit for energy (Joules) for data harmonization. 1 L of gasoline fuel is equivalent to 32 MJ; 1 L of diesel fuel is equivalent to 36.4 MJ; 1 L of LPG natural gas is equivalent to 34.6 MJ while 1 kWh of electricity is equivalent to 3.6 MJ [44]. Biogas contains 21.6 MJ m À3 (HHV at standard temperature and pressure of 273 K and 100 kPa). The energy from digestate is assumed to be equivalent to the energy for the production of the fertilizer that replaces it [46] . The energy for the collection, storage and haulage of chicken manure was based on the assumption that a chicken uses 1/25th of the area a cow uses [52] . The energy for human labour was based on the assumption that in bioenergy production per day it does not exceed the upper limit of human energy consumption for timber harvesting for a day [53] . All these coefficients and conversion factors where assembled in a spreadsheet and provided as Supplementary information to this paper [54] .
Calculation of NEG and EROEI
To determine the NEG and EROEI of bioenergy production, we estimated two energy flows: the potential energy invested into obtaining energy from various sources, and the potential energy output (yield) obtainable from them. As illustrated in Fig. 1 , this study used a combination of Life Cycle Inventory (LCI) and GIS for the compilation of all the energy inputs and outputs involved in the production of energy from biomass sources in Overijssel province. Information on the biomass and energy conversion factors where obtained from literature sources [6, 28, 30, 38, 40, 48, 55] . This includes average grass yield of natural grassland and surplus pasturelands and their relative availability for bioenergy production; the range of crop residue yield and their relative availability for bioenergy production; the average annual manure yield per animal and their relative availability for bioenergy production; energy input conversion coefficients, average biogas and energy yield per substrate type. The range of biomass yield, biogas yield, energy input and outputs were estimated using the 
Calculation of natural grassland area
All GIS operations were performed in ArcGIS version 10.0. The area covered by natural grasslands was extracted from the LGN 6 land cover map. It is in raster format with a resolution of 25 Â 25 m and has 39 land cover classes. The following GIS based procedures were followed to obtain the areal coverage (in km   2 ) of natural grasslands within the Overijssel province: We converted the raster based LGN 6 land cover map into a polygon mapped and clipped it to the extent of the province Overijssel. Then, we recalculated the areal geometry, selected natural grassland areas and extracted the area sizes for all natural grasslands.
The accuracy of the LGN 6 land cover classification was 80e90%. Therefore we applied an error margin of AE20% (worst case scenario) in subsequent calculations of potential biomass yield and availability for bioenergy production, energy inputs, outputs, NEG and EROEI of grasses from natural grasslands. The grass yields were assumed to be the same for all the grassland and pastureland areas [28] .
Stakeholder consultation
To assess the sustainability impacts of exploiting rural bioenergy potentials, this study initiated a preliminary dialogue with stakeholders in the bioenergy sector. The consultation process was however limited to practitioners in the frame of the BE2.O (Bioenergy for Overijssel) project (a forum of technologists and bioenergy researchers). Participating stakeholders freely shared their experiences, preferences, bias, doubts and misgivings on the sustainability impacts of exploiting rural bioenergy potentials in a most objective way using local and expert scientific knowledge and facts [54] . The findings were quite robust and broad-based, cutting across relevant sustainability themes including environmental, socio-economic, technological and policy impacts.
Results

Biomass yield and biomass available for bioenergy production
In Table 3 , we present our estimates for the amounts of biomass in natural grasslands and surplus pasturelands that can be made available for energy production. We see that the intermediate grass harvest scheme produces more biomass than the other grass harvest schemes, and provides more room for maximizing potential grass yield from the same size of land. Like for the grasses cultivated on surplus pasturelands, the intermediate harvest scheme produced the highest biomass yield on the natural grassland.
In Table 4 , we show the estimates for biomass of crop residues and manure in the province. Although maize has a low crop to residue ratio, due to the vast maize quantities produced the amount of maize residue is high in comparison with other crop residues [30] . The dairy cattle makes more biomass available for bioenergy production than beef cattle because of the continual optimization of indoor management systems to get more milk from them [55] .
Energy input, energy output, NEG and EROEI
Next we take the coefficients resulting from the LCI and apply them to the total amounts of different types of biomass available in the province. Tables 5 and 6 presents the various amounts of energy associated with biomass from surplus pasturelands and natural grasslands respectively. Planting alfalfa grass was found to be less energy efficient than mowing of grasses from natural grasslands for bioenergy production. Of all the rural biomass sources considered by this study, grasses from natural grasslands have the highest net energy gain per tonne of biomass (9 GJ t À1 of biomass).
From Table 5 , we can see that the late harvest scheme is the most energy efficient and feasible harvest scheme for planting of bioenergy crop (alfalfa) on surplus pasturelands. The energy efficiency of the early harvest scheme is lower. Much energy is invested into cultivation, fertilizers and crop Table 3 e Biomass yield and biomass available for bioenergy production in tonnes (grasses from surplus pasturelands and natural grasslands).
Grass harvest scheme (natural grassland) [28] Potential total biomass (AE20% accuracy) (t)
Percentage availability of total biomass [38] Biomass available for bioenergy production (t) 
protection chemicals compared to what is produced in terms of energy. Although a higher net energy gain is obtainable under the intermediate harvest scheme, far less energy is needed to reap considerably higher net energy gain under the late scheme. As shown in Table 6 , all the harvest schemes under the natural grassland option were energy efficient. Although the late harvest scheme is about 72.6% more energy efficient than the intermediate harvest scheme and about 233% more energy efficient than the early harvest scheme, it may however not be feasible because of the natural grassland management policy of the Netherlands. It prescribes that nutrient-rich grasslands should be mowed two or three times annually; while nutrient-poor grasslands should be mowed once annually [36, 37, 56] . Consequently, the next most energy efficient and most feasible harvest scheme, which also gives the highest net energy gain on the natural grassland is the intermediate harvest scheme. The EROEIs of the different grass harvest schemes hardly change, even under the influence of AE20% classification error. As seen in Table 6 , the EROEI of the different grass harvest schemes remains the same, but the NEG changes with changing number of harvest times, and correspondingly changing biomass/energy yields. This is because the influence of the error evens out as the output is being divided by the input. Consequently, as shown in Fig. 3 , the error level of the NEG estimates for the different grass harvest schemes increases with increase in the number of harvest times and corresponding increase in the biomass/energy yield. The late harvest scheme with just one harvest and the least biomass/ energy yield has the least error level, while the intermediate harvest scheme with two harvests and the highest biomass/ energy yield has the highest error level, because uncertainties where propagated continually with more harvests and higher biomass/energy yield.
Farm manure from dairy cattle as seen in Table 7 has a relatively low EROEI value. The energy input for manure collection, storage and haulage is quite high. Despite the low energy efficiency this biomass resource has the largest single net energy gain in rural Overijssel (31.3e32.1 PJ). This can be attributed to the high NEG per animal value of 71.9 GJ and a high total manure yield in the whole province. Table 8 shows an estimate of the energy efficiency, net energy obtainable and the energy involved in obtaining bioenergy from crop residues. Of the rural biomass sources considered by this study, maize residues had the highest energy efficiency and NEG per hectare (EROEI of 15.7e17, and an 
NEG per hectare of 104.5e184.5 GJ). It also had the highest NEG amongst the crop residues (4.5e8.4 PJ). In Table 9 , we review the bioenergy potential in relation to the 2030 targets in the province of Overijssel. The total NEG from biogas can produce enough electricity, heat and transport fuel to cover Overijssel's renewable energy targets from bioenergy sources by the year 2030. About 2.4e4.5 PJ of energy from biogas can be further used for the production of either transport fuel or heat and electricity.
Discussion
Under existing conditions, farm manure accounts for 89.56% of NEG obtainable in rural Overijssel; crop residue contributes about 9.99%; grasses from natural grasslands e about 0.44% and surplus pasturelands give about 0.01%. This is certainly very much driven by the flows of biomass available, and can change if agricultural practice change. For example, if meat consumption declines under the pressure of medical (rise in rates of obesity and other meat induced diseases) or sustainability (high ecological footprint) concerns the picture will change. In that case we may find an increasing role of crop residues in the overall mix of bioenergy. Dairy manure is the biomass source with the highest single NEG, its efficiency (EROEI) can however be optimized by co-digestion with other types of manure and biomass since co-digested biomass is known to produce more energy than mono-digested ones [41] . The co-digestion of pig manure with other types of biomass will not conflict with phosphate recovery from pig manure, because resulting digestate can be further processed for the recovery of phosphate and many other valuable minerals [37, 57] . The biomass yield and energy efficiency of cattle manure (dairy and beef cattle) for bioenergy production can also be improved by making cattle stay longer in barns and on hard surfaces. This will however be in conflict with the goal of keeping cattle longer on meadows to improve their health and well-being [58] . This may stir huge controversies between actualizing the energy targets and protecting animal health and welfare, with stakeholders from animal right organizations in conflict with organizations promoting biogas/bioenergy production [59] . However, the fact that almost 90% or more energy can be expected to come from manure, tells us about where we should focus our efforts, both in terms of investment of money and ideas, and in terms of improving the accuracy of our assessment. Also, new priorities related to renewable energy and energy efficiency might give more weight to the consideration of regulations and policies that favours late grass harvest scheme over more feasible and energy productive (higher NEG value) intermediate grass harvest scheme in the long run. All biomass sources considered in this study were energy efficient although the early harvest scheme of surplus pastures is on the edge (EROEI value of 2.1). Fig. 4 shows that aside from dairy manure (with an EROEI of 3.7) the average lower limit of EROEI for by-products considered by this study is about 7. Conversely, the upper limit of EROEI for growing alfalfa feedstock on surplus pasturelands (late harvest scheme) is also around 7; the other harvest schemes under this option (intermediate and early harvest schemes) have a downward trend in energy inefficiency (EROEI values below 3). As seen in Fig. 4 , the efficiencies (EROEI) of bioenergy sources in rural 
areas are close to what we currently have for fossil fuels and other renewable energy sources [60, 61] . This makes it even more desirable and urgent to invest in this kind of bioenergy production in the province. We have shown that potentially there are technologies and biomass sources in the province to produce a NEG of 62.9e68.1 PJ out of which more than 99% will come from crop residues and farm manure. Less than 1% will come from grasslands and pasturelands. About 91% out of the NEG will be from the biogas produced, while the remaining 9% will be from digestate if used as fertilizer replacement.
In addition to producing energy to meet the provincial targets, there are other benefits. An additional 12.9e17.4 PJ worth of heat can be added by the Overijssel province to bioenergy targets elsewhere within the EU, if the combined heat and power generation (CHP) technology is used. The digestates from wet anaerobic co-digestion of different types of biomass (farm manure, crop residue and grasses) can act as industrial raw material for the production of chemical fertilizers or can replace chemical fertilizers directly on farmlands [41, 46, 62] . The NEG from digestates can replace about 59.4% of energy needed to produce these chemicals. Although this is quite substantial, fertilizer is not the only chemical that will be needed. Other chemicals such as pesticides, herbicides, fungicides, plastics, rubber etc. will still be required. Replacing fossil fuels with biogas (indirect agricultural and transport emissions not considered) will save an estimated 5.3e6.6 Mt of CO 2 if combined heat and electricity generation technology is used; about 4.9e5.2 Mt of CO 2 can also be saved if biogas is used for the production of transport fuels [39] . The natural gas 
equivalent of the NEG obtainable from rural Overijssel is about 38.3e41 PJ, while fossil fuel replacement is about 62.8e67.0 PJ [48] . However, the implementation of these strategies is not as easy as one would wish if sustainability constraints are factored in. There is still much infrastructural and policy changes that need to be implemented. Under existing Dutch laws there are strict regulations on the amount of manure that can be applied on land, and digestate is seen no different than manure [31] . These manure application quotas are currently all taken up by farmers, for whom it is the cheapest way to dispose of manure. Taking manure to the digesters at current transportation and processing costs is a net loss for the farmers, and it is done only for the manure that exceeds the disposal quotas. This is especially the case for intensive confined agriculture (pig or chicken farms), where there is no land available to dispose of manure. This leaves very little space for the utilization of digestate, which in our calculations is a net benefit, an energy source, rather than sink. If the existing subsidy arrangements and policies where changed, making it impossible to apply manure directly, until it is processed by biodigesters, then this could significantly change the bioenergy production landscape, creating new opportunities and benefits. Another unknown source of uncertainty is the time for which manure or biomass are stored before entering the bio-digester. On its way from the cow to the biogas processing unit, the biomass can lose up to 40% of the volume of methane contained in it (Prinsen, personal communication). It is therefore much more efficient to bring the bio-digesters as close to the farms as possible. This can be beneficial in a variety of ways, decreasing the transportation costs and losses, increasing the methane output and providing more direct uses for bioenergy on the farm (household or greenhouse uses, running small machinery, etc.).
However installing new small-scale bio-digesters can take time and will require new investments and technologies. It is also to be decided how the excess biogas will be used: liquefaction for transportation use (additional processing and technologies required), feeding into biogas pipeworks (yet to be built), etc. The biogas currently produced in existing biodigesters is 55e75% methane and 25e45% carbon dioxide by volume [40] . This is considerably lower than the standard accepted in existing pipelines and devices built for natural gas (with more than 95% methane concentration) [48, 63, 64] . This means that additional energy is needed to refine and upgrade the biogas produced to the required standards. Alternatively, parallel gas pipelines and improved gas burning devices could be developed; both options are however associated with upfront energy investments that will impact the overall efficiency of the proposed approach. Currently most bio-digesters use biogas to produce electricity on-site using stationary internal combustion generators. This has quite low efficiency but can be optimized if waste heat from engine cooling and exhaust gases is recovered and used for heat and electricity cogeneration. The use of biogas is also associated with leakage of methane (a potent greenhouse gas) to the atmosphere [64] . Technological innovations that can improve the efficiency of biogas in terms of use, reduction of CO 2 emissions and CH 4 leakages across its production chain should be prioritized. 
However, this also will not come without extra energy costs and investments.
There will also be need to increase the capacity of the existing digesters for wet anaerobic co-digestion of the vast mix of biomass resource available. However, another problem with the process is that agrochemicals (from crop residues) and/or animal concentrates/steroids (from farm manure) can cause reduction of biogas yield, transition of trace elements (e.g. copper, zinc etc.) into digestates and subsequent introduction into soils, ground and nearby surface waters beyond safe levels [40, 65] . Excess trace elements in soils can result in deficiency of some vital elements in soils (e.g. iron), inhibit plant growth and affect human nutrient absorption cycles adversely [66] .
If some of these issues that threaten the sustainability of the biomass/bioenergy production activities in rural areas can be resolved, rural Overijssel and rural areas within the EU can produce sufficient renewable energy to reach the 2020 bioenergy targets [29] .
The use of EROEI, NEG and other derivatives offers alternatives aimed at minimizing constraints to bioenergy production and maximizing its potential outputs. The alternatives for bioenergy production within the Overijssel province include:
Increased exploitation of waste material from farm operations e.g. farm manure, crop residue, silage from mown grasslands etc. as opposed to indefinite search for land for planting of designated bioenergy crops. The use of farm-scale wet anaerobic co-digestion as biomass production technology for all wet biomass types. This is because of the ease of co-digestion of different biomass types, increase in efficiency as a result of proximity of biomass sources to digesters, and the opportunity it offers for mineral nutrient recovery [42] . Better animal management options and farm structure technologies for increased energy efficiency.
We estimated the energy output of different types of biomass (grasses, straw and manure) individually. While the uncertainties associated with future technologies and policy making allows us to talk only about potential energy production and best-case scenario, our estimates themselves are quite conservative. Much more energy than the energy of the individual biomass types can be obtained from the wet anaerobic co-digestion of manure, grass and straw biomass [40, 42] . Besides, there are many other promising sources of "sustainable" bioenergy from urban, residential, natural and waste lands, which we treated in a separate study [67] . An appropriate energy reference system for wet anaerobic co-digestion of manure, grass and straw biomass will give more precise estimates of the potential energy output from this technology. Most of the estimates from this study were based on the 2009e2011 data of the Central Bureau of Statistics (CBS). This includes variables such as annual crop yield, annual animal population, area under cultivation and area under surplus pasturelands etc. These statistics are subject to annual changes. However, over the three years used in this study we did not see very high variations.
Errors might have been propagated in the course of this study, and this could have been a product of one or a combination of any of the following four sources namely:
Uncertainties arising from the use of conversion factors and coefficients from different reference systems from different EU countries and the US. Errors arising from assumptions as a result of nonavailability of certain conversion factors and coefficients. Double counting errors arising from an overlap in certain energy investment (input) activities e.g. energy for stalk shredding of crop residues and energy for mowing and chopping of crop residues.
We are also uncertain about the actual acceptance of the suggested changes in the agricultural practices, where certain product flows will have to be modified. Energy efficient animal management operations and housing designs can further enhance potential biomass yield of farm manure (beef cattle and pigs). More efficient manure collection solutions such as piping manure from source to nearby digesters can help optimize the net energy gains from dairy manure and increase its energy efficiency. This could be a subject of future building technology or agricultural engineering research. The use of well distributed and strategically located farm-scale wet co-digesters for bioenergy production can help harness the relatively large bioenergy potential available [68] . This can be done by putting the necessary locational factors into consideration e.g. proximity to raw materials (biomass sources), proximity to residential areas (air pollution concerns) etc. [42] .
The accuracy of some of the conversion factors and coefficients is also unknown. Average values were most frequently used. Although this gave fair estimates of the bioenergy potential of the various biomass/bioenergy production activities under study, it is difficult to establish the range of uncertainties involved in some of the estimations. Errors arising from assumptions are not expected to produce outliers, because such assumptions were based on similar processes or production chains. Errors arising from double counting of energy inputs can be ignored because some of the overlap actually exists in real life biomass/bioenergy production activities.
The use of by-products as bioenergy sources generally comes out as more efficient because it saves energy on the input side. Since the goal of the production is not bioenergy we do not need to account for the energy used. On the contrary, planting of designated bioenergy crops uses large amounts of energy. As a result, even though they may produce large stocks of biomass, they produce little, zero or negative net energy. Therefore, the use of by-products, which does not involve the full production cycle should be prioritized for increased efficiency and net energy gains. The factors that are responsible for annual variations in biomass yield, NEG and EROEI of biomass sources differ spatially. Such factors may include farmer's management practices and decisions, economic or market forces, climate variations, incidences of pest and diseases etc. However, the impacts of such factors locally within the Overijssel province are not well known, and these can also be a subject of future research.
6.
Conclusions
The use of available land, monetary valuation, biomass yield and energy output alone in bioenergy analysis is inadequate and may be misleading. Some agricultural practices may be subsidized or may use much conventional fossil fuels for production, totally skewing the real picture of energy output. They may be economically profitable under existing policies and market conditions, but still unsustainable in the long run. Incorporating energy efficiency indices into environmental assessments opens up new possibilities aimed at minimizing constraints to bioenergy production and maximizing its potential output. EROEI is the energy efficiency, and deliberately gives advantage to production chains that use less on the input side. NEG is useful to evaluate the significance of total energy obtainable, when for example we need to analyse the feasibility of the set renewable energy targets. Since NEG factors in the energy input it is more accurate in assessing the feasibility of set renewable energy targets than using potential energy yield as mostly practised. While potential energy yield may give a false impression that an energy source is very productive, a consideration of the energy input using the NEG index may give a clearer picture of the actual potential of the energy production activity in terms of the set renewable energy targets. Using the EROEI index together with the NEG (a NEG-EROEI approach) further adds scientific rigour to the energy inputeoutput analysis given room for a broader spectrum of analysis for improvement of the efficiency of energy production chains as done by this study (energy sources on one hand and energy production technologies on the other hand). This study further underlines the importance of the NEG-EROEI approach as a valuable impact assessment indicator and tool, as was discussed in a separate publication [69] . Most of the coefficients and the methodology in general can be easily adapted beyond the province of Overijssel, for the Netherlands as a whole and the EU as long as the basic agricultural practices and energy conversion technologies are the same.
We may conclude by stating that the EU 2020 targets for renewable energy can potentially be met if there is adequate focus on harnessing by-products (especially farm manure and crop residues) and concerted efforts between engineers (technologists) and policy makers. In addition to some tweaking of existing technologies and investments in new infrastructure, this will require a substantial push towards acceptance of new policies, management schemes and farm operations, which will be hard to achieve without appropriate subsidies and incentives.
